A high-frequency transducer was used to determine the optimal parameters for visualizing the heart in 40 normal Wistar, 15 SHR, and 10 aorta-banded rats. The rats were 5 to 30 weeks old and weighed between 105 and 705 grams. Two-dimensional and M-mode views of the ventricles, atria, valves, and great arteries were obtained by placing the transducer beneath the rats through the left or right parasternal window in either the prone or the right decubitus positions, respectively. Left ventricular (LV) mass was determined on the basis of a spheroid model; these values correlated well with the LV weight for both the Wistar rats (r=0.94, p<0.001) and the rats with cardiac hypertrophy due to pressure load (r=0.87, p<0.001). These results were highly reproducible. This indicates that echocardiography is useful for obtaining quantitative measurements in rats.
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MATERIALS AND METHODS
Animals: Fourty normal male Wistar rats 5-30 weeks old (weight: 105-705g), 15 male SHR rats 20-30 weeks old (weight: 315-445g), and 10 aorta-banded male Wistar rats (ABR) 12-14 weeks old (weight: 350-450g) were used. The 40 Wistar rats were divided into 2 groups: 20 rats weighing less than 320g and 20 rats weighing more than 320g. The suprarenal segment of the aorta was banded at 8 weeks of age for a duration of 4-6 weeks. 2) Echocardiography: Echocardiography was performed with a HewlettPackard Sonos 100 mechanical sector scanner, using a single element transducer with a frequency of 7.5 MHz. This system was capable of depicting pulsed Doppler flow mapping. The transducer was focused at a depth of 2.5cm and had an axial resolution of 0.5mm and a lateral resolution of 0.9mm. Real-time, two-dimensional (2-D) imaging was performed at a maximal frame rate of 43 Hz on the narrowest scan angle. M-mode tracings were obtained using a 2-D reference sector and printed on video-imaging papers by video copy processor 77570 B (Hewlett-Packard Co.). Electrocardiograms were recorded simultaneously.
Under anesthesia with urethane (100mg/100g body wt, ip) or pentobarbital (3mg/100g body wt, ip), rats were placed in the prone or right lateral decubitus position so that the upwardly fixed transducer could find the left or right parasternal echo window, respectively (Fig. 1) . This position provided better image quality than did the supine position. In addition, a rubber pouch filled with transmission gel was put on the transducer tip as an ultrasound coupler to visualize the heart within the optimal performance zone of the transducer. The long or short axis image of the heart was obtained by moving the rat and by rotating the transducer. This method allowed us to identify the great arteries, four cardiac chambers, and four cardiac valves in the 2-D image. The orientation of these images was confirmed by pulsed Doppler flow mapping3) and contrast echocardiography4) with a 0.2ml dose of hand-agitated iopamidol injected into the cannulated jugular vein or the LV cavity.
Echocardiographic determination of LV mass: The leading edge method5) was used to measure the external (De) and internal (Di) diameters of the LV; these determinations were made at end-diastole from M-mode images of five successive beats, obtained from the left parasternal window. We selected the two recordings from each rat in which De showed the greatest values. Image quality was good under adequate gain settings and respiratory move- correlation coefficients and the standard errors of the estimate between the standard determination and these three variabilities.
RESULTS
Echocardiographic images: Both the right and left parasternal windows permitted visualization of short and long axis views of the LV (Figs. 2 and  3 ). The long axis plane contained the LV, left atrium, and aortic root:
The short axis view could be moved from the base to apex of the heart. The area from the great arteries to the papillary muscles was imaged without rim shadows in both views. The cardiac image through the right window in the decubitus position was usually effaced by the lung. It was sometimes limited to the cardiac base and the image at the midventricular level was obscure. However, it was analogous to the image through the left parasternal window in man in both the 2-D and M-mode orientations.
Through the right window in the rat, the M-mode beam passed through the RV free wall, ventricular septum, and LV free wall between two papillary muscles. Additionally, the beam was perpendicular to the left atrial wall, allowing the measurement of the left atrial dimension (Fig. 2) . The left window in the prone position provided a different image orientation.
At the level of the papillary muscles, the M-mode beam passed through the anterior and posterior LV wall (i.e., the left side of the anterior and posterior junctions), without visualizing the ventricular septum (Fig. 3) . This caused overestimation of the LV posterior wall thickness due to the intervening posterior papillary muscle, which required careful adjustment of the beam direction and gain setting. Also, regions of the RV cavity other than the outflow tract were often obscured by the sternal shadow.
The circumferential wall motion of the LV could not be assessed on 2-D images. The spatial resolution and frame rate of 2-D images may be insufficient to resolve motion of the small LV at a high heart rate (300-400/ min) in rats. However, the 2-D image was clear enough to obtain adequate M-mode tracings (Fig. 4) . Furthermore, we could easily find the presence of LV hypertrophy or dilatation in 2-D images.
LV mass and CSA: The mean LV mass determinations from echocardiographic measurements were similar to the directly measured LV weight in each experimental group (Table I) . However, the mean estimated CSA Table I. from the echocardiograms was significantly smaller than that of the directly measured CSA (Table I ). There were high correlations between the echocardiographic LV mass and the LV weight, and between the echocardiographic CSA and anatomic CSA. There were no significant differences between correlation coefficients for the data from the small Wistar and large Wistar groups and between the SHR and ABR (Table II, errors of the estimate between the anatomic and echocardiographic LV mass measurements were less than 10% of the mean anatomic value in every group. Additionally, the echocardiographic CSA was well correlated with the two-thirds power of the anatomic LV weight (Table II) .
The SHR and ABR showed significantly higher ratios of LV weight to body weight than Wistar rats of a similar body weight, suggesting the development of LV hypertrophy (Table I) . Although the echocardiographic and anatomic determinations of LV mass and CSA were similar, the internal diameter was significantly greater in the ABR than in the SHR (Table I) . This difference probably reflects the response to an acute and progressive pressure load in the ABR in contrast to the mild, chronic load in the SHR.
The variations of the values for different LV mass determinations were not statistically significant between two observers, two observations, or two may widen the unsurveyed area behind the sternum.
The limit of resolution of cardiac valves was about 0.2mm in 2-D and M-mode images as evidenced by the fact that valves of this thickness were observed in relatively large rats. Thus, the resolution was appropriate for accurately measuring dimensions.
The LV mass was estimated from the M-mode image on the basis of a simple spheroid model with a uniform wall thickness.6),7) One source of error, then, was that the papillary muscles and the apical wall thickness were ignored. The actual shape of the LV is analogous to a spheroid with a thin apical wall and with a variable ratio of long and short axial distances.2) Nonetheless, these estimates yielded an accurate approximation of the anatomic measurements in each experimental group. This suggests that the model adequately approximates the LV mass. The measurements from ABR and SHR, further confirmed the validity of the approximation for varying LV geometries.
The CSA measurements were independent of geometric assumptions.8) The CSA estimates from echocardiograms were well correlated with the anatomic measurements, suggesting its utility in directly assessing the development of cardiac hypertrophy.
However, the echocardiographic CSA tended to underestimate this parameter.
This difference may not be due to recording or measurement errors (Table IV) . Rather, it may reflect postmortem swelling of the myocardial tissue during fixation.
The availability of the method in small animals such as rats will contribute to experimental cardiology, facilitating in particular the examination of normal and pathological cardiac growth and function.
Furthermore, there are several strains of small animals available as potent disease models for human cardiac diseases, for example, Syrian hamsters for dilated cardiomyopathy,11) SHR rats for hypertensive heart disease,12) and WKY rats for congenital heart malformations.13) Since echocardiography can be applied to the estimation of ventricular wall motion and chamber size, this method is likely to provide important insights into mechanisms of heart disease in animal models.
